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INTRODUCTION
The root cap is the terminal-most tissue of the root of most plants. Accumulating evidence over the last 50 years has shown that the root cap not only has a role in the protection of the proximal root meristem, but also directs root growth in response to various environmental stimuli including gravity (gravitropism), unilateral light (phototropism), touch (thigmotropism), gradients in temperature (thermotropism), humidity (hydrotropism), and ions and other chemicals (chemotropism) (Ponce et al., 2000; Barlow, 2003) . Moreover, recent findings suggest that border cells, produced by detachment of differentiated root cap cells, play a key role in plant defense and the regulation of rhizosphere microbial populations (Hawes et al., 2012; Driouich et al., 2013 The root cap originates at the opposite end of the embryo to the shoot apex and consists of the columella and lateral root cap regions. In the model dicot plant species Arabidopsis thaliana (Arabidopsis), the columella root cap is originated by an asymmetric division of the hypophysis derived from the basal cell (Scheres et al., 1994; Jenik et al., 2007) ; whereas the formation of the lateral root cap is initiated in the embryo proper, which in turn is formed from the apical cell (Scheres et al., 1994) . In monocots such as maize and rice, however, the embryonic origin of root cap remains unknown due to the fact that cell divisions after the first asymmetric zygotic division are highly variable and unpredictable (Suzuki et al., 1992; Suzuki et al., 1993; Chandler et al., 2008) .
During postembryonic development, root cap cells are continuously renewed by the stem cells. Lateral root cap cells in the Arabidopsis root are produced by the periclinal division of the epidermis-lateral root cap stem cells independent of columella root cap stem cells, which give rise to columella root cap cells through an anticlinal division (Dolan et al., 1993) . In maize and rice, histological analysis of sections of the radicle and primary root tips suggests that columella and lateral root cap may originate from the same type of stem cells independent of those of the epidermis (Williams, 1947; Iijima et al., 2008; Rebouillat et al., 2009 ). However, this hypothesis remains to be proven by cell lineage tracing (Scheres et al., 1994; Kidner et al., 2000; Kurup et al., 2005) .
Unlike in Arabidopsis, in maize and rice the root cap is structurally separated from the proximal root meristem by a thick cell-wall boundary called the root cap junction. The presence of such a boundary makes it possible to detach the intact root cap from the rest of the root tip and use decapped roots to study the function of the root cap in controlling root growth and development (Juniper et al., 1966; Hahn et al., 2008) . Earlier studies in maize also revealed that the root cap regenerates from reprogrammed distal quiescent center (QC) cells within 72 h after its removal (Barlow, 1974; Feldman, 1976) Auxin, which positions the new stem cell niche of the Arabidopsis root after laser ablation of the QC (Xu et al., 2006; Grieneisen et al., 2007) , has been implicated to play a critical role in the de novo origin and development of the root cap. What remains uncertain, however, is the sequence of molecular events leading to the formation of the root cap.
In this work, we examined the formation of rice root cap during embryogenesis; and characterized the anatomy and structure of the postembryonic radicle root cap. We further investigated the role of auxin and QC in the de novo origin and development of the root cap; and analyzed global transcriptional changes during the early phases of root cap regeneration. Collectively, our data offer new mechanistic insights into the cellular and molecular events inherent to the formation and development of the root cap.
RESULTS

Root cap formation during embryogenesis
To study the formation of root cap during embryogenesis, semi-thin sections of embryos at different developmental stages were cut and examined with light microscope (Fig. 1) . We found that embryonic roots of rice have a closed meristem with a thick cell wall forming the boundary between the root cap and the rest of the root apex ( Fig. 1H-L) , similar to that reported for maize and other grasses (Clowes and Juniper, 1964; Sievers et al., 2002) . This boundary was referred to as the cap junction (Clowes and Juniper, 1964) and could be unambiguously recognized at 4 days after anthesis (DAA) (Fig. 1F) . To reveal the exact position where the cap junction emerges, we determined the number of cells between the cell at the basal end of the suspensor and the cap junction in sections of embryos at 4 DAA, and found that the cap junction appeared approximately 13-cell distance (12.8 ± 1.3, mean ± S.D.; n=5; Fig. 1A, D) www.plantphysiol.org on June 24, 2017 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved.
7 from the cell at the basal end of the suspensor. We thus postulated that cells at this position at around 3 DAA (Fig. 1D) are the progenitor cells that would produce the cap junction. Indeed, cells at this position divided anticlinally at around 3.5 DAA and the cap junction appeared (Figs. 1E) and S1A). Cells above the cap junction would form the QC and proximal root meristem; whereas cells below the cap junction develop as root cap stem cell, which will give rise to the root cap. At 4 DAA, the junction extended following the division of more progenitor cells (Figs. 1F and S1B); and some of the root cap stem cells divided anticlinally to produce a daughter cell (Fig. 1F ). More root cap stem cells divided at 5 DAA ( Fig 1G) and a thimble-shape root cap appeared at 6 DAA with up to 8 layers of root cap cells (Fig. 1H) . At 7 and 8 DAA, 13 layers of root cap cells could be observed. Starch granules appeared at 7 DAA in the lower 10 layers of columella root cap cells (Fig. 1I) ; whereas starch granules in lateral root cap cells could only be readily seen at 8 DAA (Fig. 1J) . Starch granule formation in the columella and lateral root cap cells indicates that these cells are fully differentiated and thus the root cap might be fully functional. Approximately 16 layers of root cap cells, of which the lower 13 layers could be stained with Lugol's solution, were observed from 9 to 12 DAA (Fig. 1K, L) , indicating that the root cap is fully developed at 9 DAA and no further cell division occurred in the top 3 layers (Fig. 1K, L ), which will give rise to the root cap meristem during postembryonic root development.
Cell fate and cell lineage in the radicle root cap
We found that during the seedling stage the radicle root cap contains 13-14 layers of columella root cap cells and has a similar anatomy and structure as the embryonic root cap (Figs. 2A, B and S2A-C, compared to Fig. 1J-L) . However, only when the root length was longer than 10 mm, could the tip angle of root cap become stabilized (Fig.   S2D ). Therefore, we used roots slightly longer than 10 mm for further analysis of cellular organization of the radicle root cap.
To distinguish the columella root cap from the lateral root cap, we screened T-DNA (Fig. S2C) . Longitudinal semi-thin sections of the radicle root tips of A788 revealed that the columella root cap composed of 8 columns of cells (Fig.   2C ). Transverse semi-thin sections showed that the columella root cap cells are located in the centre of the radicle root cap, surrounded by 3-5 layers of lateral root cap cells.
Along the central radial axis 8 cells with GUS staining could be found (Fig. 2D) Together, these data allowed us to propose a cell lineage map for the rice root cap ( While the role of the root cap in root growth and environmental perception and response has been extensively studied (Juniper et al., 1966; Tsugeki and Fedoroff, 1999; Hahn et al., 2008) , little attention has been given to the determination of how root cap formation and development is controlled. To address this we performed deCAP ( We found that the timing and sequence of regenerative events occurred after deCAP
in rice were essentially the same as previous described in maize (Barlow, 1974; Feldman, 1976; Ponce et al., 2000) .
Within about 24 h Lugol's staining and expression of columella root cap-specific marker A788 reappeared in the outer layers of regenerating root cap ( Root development is controlled by both shoot-derived and root-generated auxin (Overvoorde et al., 2010) . To examine the role of shoot-derived auxin during root cap regeneration, we next removed the shoot part, either alone or together with the maturation zone of the radicle root, and performed the deCAP experiment ( Fig. 4P , Q).
We found that the expression dynamics of DR5::GUS and the regeneration processes
were not affected, although the expression level of DR5::GUS dropped and the root cap had fewer cell layers ( 
Factors involved in the regeneration of the root cap
To gain further insights into the mechanisms that control root cap formation and development in rice, we next employed an RNAseq approach to identify transcripts involved in the regeneration of the root cap. Given that changes in DR5::GUS expression were observed in QC and the stele at 1 h after deCAP ( Table S1 ) and a subset of these transcripts were selected and validated by qRT-PCR ( Fig. S4 and Table S4 ).
Based on their expression dynamics over the 3 successive time points, these transcripts were classified into 8 clusters ( Fig. 5D and Given the importance of auxin in rice root cap regeneration, transcripts encoding genes known or implicated to play a role in the metabolic and signaling processes of auxin were identified in these clusters, along with transcripts associated with other four major classes of phytohormones: abscisic acid (ABA), cytokinin, ethylene and gibberellin acid (GA), which may interact with auxin to regulate rice root cap regeneration. We found that the percentage of auxin-and GA-related transcripts is highest in Cluster V (Fig. 5F ), making the percentage of total hormone-related transcripts in this cluster highest among all clusters (Fig. 5E ). The second highest cluster for auxin is Cluster IV (Fig. 5F ) that, like Cluster V, consists of differentially expressed transcripts for 12 h/1 h but not 1 h/0 h (Fig. 5D ). These results suggest that a large portion of auxin-related transcripts exhibited altered expression only after 1 h. Functional classification of auxin-related transcripts further revealed that genes responsible for auxin deactivation, auxin signaling and auxin transport, but not for auxin biosynthesis, were highly enriched ( Fig. 5H and Table S2 ). Significantly more transcripts encoding genes that might deactivate auxin were found to be downregulated at 12 h than 1 h, in agreement with increased expression of DR5::GUS in the regenerating root tip (Fig. 5H) .
Moreover, auxin transport-related transcripts were found to be largely downregulated at 1 h but upregulated at 12 h ( Fig. 5H ), suggesting that auxin transport in the root tip was impaired by deCAP but recovered during root cap regeneration. Intriguingly, we found that a transcript encoding OsIAA23, a QC-specific AUX/IAA gene in the rice root tip (Ni et al., 2011) , was downregulated at 1 h and then remained lowly expressed at 12 h (Table S2 ). Stabilizing mutations in domain II of OsIAA23 were known to cause the progressive loss of the QC and thus terminal differentiation of the root cap (Ni et al., 2011; Ni et al., 2014) , suggesting that auxin signaling in the QC is essential for the formation and development of the root cap. By contrast, cytokinin-related transcripts were strikingly enriched in Cluster II compared to other clusters (Fig. 5F ). Functional classification of cytokinin-related transcripts showed that deCAP had no significant effects on cytokinin signaling and biosynthesis. However, transcripts encoding genes that might deactivate cytokinin were significantly overrepresented in the list (Table S2) .
11 of 19 of these transcripts were upregulated at 1 h whereas 10 of them were downregulated at 12 h (Fig. 5H ), suggesting that a significant portion of bioactive cytokinins were deactivated shortly after deCAP and that cytokinin deactivation was markedly reduced at 12 h. The highest cluster for ABA and the second highest cluster for GA is Cluster III (Fig. 5D ). Functional classification of ABA and GA-related transcripts in this cluster indicated that ABA biosynthesis and GA deactivation were transiently induced by deCAP. No significant preference of ethylene-related transcripts to any of the clusters was found (Fig. 5F ). (Fig. 5G and Table S2 ). The percentages of transcription factor-encoding transcripts in Cluster III, V and VII are relatively higher than in other clusters (Fig. 5E 
Genes with root cap-specific transcript(s) in the rice root tip
A major advantage of RNAseq approach over other transcript profiling methods is that it uses absolute rather than relative values, allowing a discrete measurement for each transcript. This enabled us to identify a list of genes whose transcripts were likely not expressed in the decapped root apex at 0 h after deCAP based on a cut-off value of RPKM <1. A comparison between this list of genes and a list of 521 genes (Table S3) identified previously by microarray analysis as preferentially expressed in the rice root transcripts remained inactive at 1 h and 12 h (Fig. 5C , H and Table S3 ), suggesting that these genes could generate transcripts that are specifically expressed in the root cap in the rice root tip. This idea was largely supported by the root gene expression profile (Fig. S5) Inukai et al., 2005; Okushima et al., 2007; Lee et al., 2009; Fan et al., 2012; Liu et al., 2014) and present in the list of differentially expressed transcripts identified by this study (Table S2) .
Besides auxin-related transcripts, transcripts related to the metabolism and signaling of ABA, cytokinin, ethylene and GA were identified as differentially regulated by deCAP (Table S2) http://ricephylogenomics.ucdavis.edu/cellwalls/gt/) were found to be differentially regulated by deCAP (Table S2) . Cytokinin-O-glycosides represent inactive, stable storage forms of cytokinins and can be rapidly converted back into active cytokinins (Frebort et al., 2011) , suggesting that appropriate levels of active cytokinins are critical in root cap regeneration.
By cleanly removing the root cap from the root apex of rice, we were able to use the RNAseq approach, which allows a better discrimination of transcripts with low and no expression than the microarray method, to identify a list of transcripts that were not present in the decapped apex and encode 152 of 521 genes that are preferentially expressed in the rice root cap (Takehisa et al., 2012) . We believe that these transcripts are root cap-specific in the rice root tip as none of them were detected in the three time points analyzed. Future studies on these root cap-specific transcripts will help to elucidate molecular and cellular mechanisms controlling the development and function of the root cap in rice and other agriculturally important monocot species.
MATERIALS AND METHODS
Plant materials and growth conditions
Rice lines used in this study are in the Zhonghua 11 (ZH11, Oryza Sativa L. ssp. japonica) background. DR5::GUS line was described in (Zhao et al., 2009) . A788 was isolated from a rice GAL4 / UAS::GUS enhancer trap collection (Wu et al., 2003) .
35S::Spm-GUS line was generated using the SLJ8313 construct (Tissier et al., 1999) .
For study of root cap formation during rice embryogenesis, seeds were planted under natural long-day conditions in the experimental field. For regeneration studies of the radicle root, rice seeds were surface sterilized and incubated vertically on Petri plates containing 1/2 MS medium (Duchefa Biochemie), and then germinated for 2-3 days in the dark at 28 ºC.
Microscopy analyses of root cap anatomy and structure
Root cap development during embryogenesis and in the seedling stage was analyzed with a differential interference contrast (DIC) microscopy (Nikon Eclipse 80i, Japan) over time, beginning prior to 1 DAA. In brief, caryopses or radicle roots tips were excised from the rest of the embryos or roots, and were immediately fixed in FAA (formaldehyde 5%, acetic acid 5%, ethanol 45%, ddH 2 O 45%) at 4ºC, followed by vacuum infiltration until the samples sank to the bottom of container. Fixed samples were embedded with Technovit 7100 (Heraeus Kulzer) and cut to semi-thin sections 2-5 μ m thick with a Leica RM2265 microtome for imaging. The tip angle of the radicle root cap was measured by image J software (NIH). For visualization of starch granules, sections were stained for 1 min in Lugol's solution (Fluka) and then imaged with the DIC microscopy.
Root tip excision and regeneration assays
Surgical removal of the root cap (deCAP) was performed according to the method described by (Barlow and Hines, 1982) . For dePRM and deQC experiments, root cap and QC were excised together with (dePRM) or without (deQC) part of the proximal root meristem (PRM; with a size equal to the length of the root cap). Excised tips were placed onto the square Petri plates containing 1/2 MS medium and cultured in the dark at 28ºC, and the regeneration of the root cap was analyzed with Lugol's staining and GUS staining of marker lines.
Histochemical analysis of ß-glucuronidase (GUS) activity
GUS activity was assayed in the staining solution at 37 ºC. For DR5::GUS and A788 enhancer trap lines, 30 min and 1 h of staining was performed, respectively. For 35S::Spm-GUS lines, root tips were stained for various periods of time depending on the transposition activity of the Spm element in the root cap.
5-Ethynyl-2′-deoxyuridine (EdU) incorporation assay
EdU incorporation assay was performed using an EdU kit from Ribobio, China, 
Whole-transcriptome RNAseq analysis
For transcriptome sequencing, total RNA was extracted from the root tip region (with a size equal to the length of the root cap) of the rice seedlings at 0 h, 1 h and 12 h after deCAP, using RNeasy Plant Mini Kit (Qiagen). RNA integrity and quantity were determined with the Agilent 2100 Bioanaylzer per manufacturer's recommendation.
Enrichment of mRNA from the total RNA, cDNA synthesis, and construction of library were performed at Beijing Genome Institute (BGI) (Shenzhen, China). Total three libraries were sequenced using Illumina HiSeq™ 2000. The raw reads were filtered by removing the adapter sequences and low quality sequences (such as these containing more than 5% unknown bases or more than 30% nucleotides with sequence quality value below 10). The clean reads were then aligned to the rice 
Quantitative Real-time PCR (qRT-PCR)
For qRT-PCR, total RNA was extracted as described for the RNAseq analysis.
Primers were designed with PRIMER EXPRESS 2.0 software (PE Applied Biosystems) to amplify 87-to 204-bp products. Primer sequences and information of the 16 selected genes are listed in Table S4 online. The rice ACTIN1 gene (ACT1) was used for data normalization. Three technical replicates were generated per sample type.
SUPPLEMENTAL DATA
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The following materials are available in the online version of this article.
Supplemental Figure S1 . Formation of the cap junction during rice embryogenesis.
Supplemental Figure S2 . Tip angle of the radicle root cap and number of columella root cap layers in the radicle.
Supplemental Figure S3 . Schematic diagram of the cell lineage tracing system.
Supplemental Figure S4 . Validation of 16 differentially expressed transcripts by qRT-PCR.
Supplemental Figure S5 . Expression patterns of 152 root cap genes in the rice root.
Supplemental Table S1 . List of differentially expressed transcripts identified between consecutive time points (1 h/0 h and 12 h/1 h).
Supplemental Table S2 . K-means clustering of differentially expressed transcripts.
Supplemental Table S3 . List of genes / transcripts expressed in the rice root cap.
Supplemental Table S4 . Primer sequences used for the validation of 16 differentially expressed transcripts by qRT-PCR.
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C, Venn diagram depicting the number of root cap genes whose transcripts were not detected at 0 h, 1 h and 12 h after deCAP. Details of the transcripts are presented in Table S3 . Table S2 .
H, A summary for the presented data. Transcripts associated with metabolism and signaling of auxin and cytokinin exhibited dynamic transcriptional changes in response to deCAP. The numbers in green: induced; in red: repressed; and in blue: no change. Transcripts of 315 root cap genes were identified as common transcripts for 0 h, 1 h and 12 h (See Table S3 ), suggesting that they are also expressed in the root meristem. Transcripts of 152 root cap genes, including 3 of 4 starch-related genes identified previously in the rice root cap, had no expression within 12 h (See Table   S3 ), indicating that they are root cap-specific in the rice root tip (See Fig. S5 ).
DR5::GUS expression at 0 h (Fig. 4A ), 1 h (Fig. 4B) , 12 h and 72 h (Fig. 4E) and
Lugol staining at 12 h (inset) and 72 h after deCAP are shown.
